IN T R O D U C T IO N : COM PLEXITY OF H O R M O N A L C O N TR O L
Hormones are but one class of compounds to regulate developmental processes in plants; however, they are probably the most important mediators in signal transduction.
The classic concept of a plant hormone defined by Went & Thimann (1937) as a substance being produced in one part of the organism and then transferred to another part to influence a specific physiological process is, as expected after more than 60 years of plant hormone research, inadequate to explain hormonal regulation of development in plants. The complexity of multiple hormonal regulation is illustrated by the fact that each of the hormones have been found to be able to affect nearly every phase of plant growth and development (Leopold & Noodén 1984) . The seeming lack of exclusive control of any one step of development by any one o f the known hormones as well as the lack of correlation between hormone concentrations and changes in developmental processes has led to doubts as to whether the plant hormones are indeed the regulators of development (Trewavas 1980 (Trewavas , 1983 . In this connection it was postulated that hormonal control in development may be due to changes in the sensitivity to the hormones (Kende & Lang 1964; Trewavas 1983 ). Recently, Bradford & Trewavas (1994) proposed a quantitative model based on sensitivity threshold distributions and proportional rate responses to regulatory factor levels, which can account for a wide range of phenomena in plant growth and development.
The complexity of hormonal regulation is further compounded by evolutionary plasticity which may have led to substantial differences even between related plants. One need only look at the tremendous differences in fruit structures between species to realize that development (and its underlying hormonal controls) may differ greatly even between taxonomic related plants (see Esau 1977; Coombe 1976 ). Plant development is the result of an intricate spatial and temporal multiple hormonal control through the The site of perception of hormones is a hardly explored area in plant physiology. However, some recent progress has been made as to probable sites of perception of auxin, recently reviewed by Jones (1994) 
Transduction pathways
Broad similarities in the transduction pathways between plant and better studied animal systems do exist; however, there may be considerable differences in detail (see review by Verhey & Lomax 1993 At this stage, however, signal transduction in plants has not yet revealed the variety in transduction systems existing in animal systems which is necessary for a finely tuned cross-talk between signalling pathways. It may be that more fundamental signalling pathways are yet to be discovered in plants.
In the last decade, emphasis has shifted to molecular approaches to study events in hormone-regulated gene expression, especially by using single gene hormone-deficient mutants or gene introduction systems with Agrobacterium. Rapid advances are made by using hormone mutants, mainly isolated from Arabidopsis (see review by Reid 1993), which are beginning to provide details on the elements in the hormone-response pathway.
Analysis of hormone mutants in Arabidopsis revealed recently a number of kinases and phophatases and other compounds involved in the transduction pathways of ethylene, ABA, auxin and GA.
For example, phosphorylation-déphosphorylation is known to control the activities of a number of plant enzymes. For instance, the ethylene signal is transduced via protein phosphorylation events in plants (Raz & Fluhr 1992 ,1993 . Ethylene is a plant hormone involved in a plethora of abiotic and biotic environmental stresses as well as aspects of plant development and climacteric fruit ripening. Sensitivity to ethylene is presumably mediated by a specific ethylene receptor whose activation signal is then transduced via an unknown cascade pathway. Raz & Fluhr (1993) The results described above clearly demonstrate the involvement of kinases and phosphatases in the transduction pathways of several hormones; the next step will be to identify the upstream and downstream activators of these proteins. Although not yet cloned, there are two proposed models in which the SP Y locus in Arabidopsis" which confers resistance to the GA biosynthesis inhibitor paclobutrazol and therefore is hypersensitive to GA, may be involved in the GA signal perception and transduction pathway (Jacobsen & Olszewski 1993) . First, the GA signal may be functionally redundant and SP Y could regulate only one portion of the pathway while the other part functions normally. Secondly, the primary function of the SPY gene product may be to regulate cross-talk from a non-GA-regulated pathway in a negative manner.
H O R M O N E -R E G U L A T E D GENE EXPRESSIO N: H O R M O N E -R E SPO N SIV E ELEM ENTS

Hormone-responsive elements
Studies by, among others, Lanahan et al. (1992) showed that two separate but physically adjacent elements in the promoter (of Amy32b) were essential for GA-induced transcription above a minimal level; mutation or deletion of either lowered transcription to near baseline (Rogers et a l 1994). A gibberellin-response complex in cereal a-amylase gene promoter, the Amy32b gene, is a representative member of a closely related family of a-amylase genes expressed under hormone control in aleurone layers of barley grains. Transcription of this gene is induced by GA and suppressed by ABA. The promoter elements of the Amy32b gene that govern the developmental and hormonal control of its expression in aleurone were defined and it showed that two functionally distinct yet physically associated elements are essential: a GA response element (GARE) mediates regulation by GA and ABA, and an Opaque-2 binding sequence (02S) is thought to interact with a barley homologue of the maize endospermspecific transcriptional regulator Opaque-2. An additional element, CCTTTT, which together with the 02S forms a part of a canonical 'endosperm box', is important in modulating the absolute level of expression of the Amy32b promoter, as is another separate, highly conserved element TATCCATGCAGTG.
Quantitatively, the 02S and GARE, were the most important elements identified. In addition, the results indicated that other elements also participated in establishing the final level of expression from the promoter, but that quantitatively the 02S and GARE were central to the process. It was also shown that 02S and GARE will only function together in one orientation with respect to each other and with respect to the TATA box. Increasing the distance between these elements drastically decreased transcription from the promoter. ABA and water-stress responses of the maize gene rab28 (Pia et al. 1993) . the maize gene rab28 has been identified as ABA-inducible in embryos and vegetative tissues. It is also induced by water stress in young leaves. The proximal promoter region contains the conserved râ-acting element CCAGTTGG (ABRE) reported for ABA induction in other plant genes. Transient expression assays in rice protoplasts indicated that a 134 bp fragment ( -194 to -60 containing ABRE) is sufficient to confer ABA-responsiveness. These and other results indicated that the rab28 promoter sequence CCACGTGG is a functional ABA-responsive element, and suggest that distinct regulatory factors with apparent similar affinity for the ABRE sequence may be involved in the hormone action during embryo development and in vegetative tissues subjected to osmotic stress.
1992). Also a cw-regulatory element, CCACGTTGG, was isolated that is involved in
A m-element for the ethylene regulated gene expression for the tobacco class I basic chitinase genes has recently been identified (Ohme-Takagi & Shinshi 1994). It consists of a conserved 11 bp motif designated as the GCC box. A similar box has also been found in the tobacco class I glucanase gene.
Although a number of m-acting elements responding to several plant hormones have been described, most of these genes are not solely regulated by hormones. This indicates that temporal and spatial regulation of these genes, that play a role in several developmental pathways and appear to be influenced by a variety of trans-acting factors, is much more complex.
M U L T IPL E H O RM O NAL R EG U LA TIO N A N D H O R M O N E IN T E R A C T IO N
In both plant and animal systems, a tacit assumption has been made that where hormones are present in an organism, they must be serving some regulatory function. This assumption has been drastically altered by the findings that many animal hormones occur in tissues where they do not appear to serve their usual hormonal function, and in fact are also synthesized in body parts remote from the usual synthetic sites in the gland (Roth et al. 1982) . From the evolutionary point of view, then, the compounds which are adapted to serve regulatory roles in plants and animals may be synthesized in a wide array of cells and organisms; with the progress of specialization, organisms have developed systems in which the synthesis, translocation, physiological function, and disposal of these compounds have become adapted to involve them in regulatory roles. A consequence of this view is that extraction and identification of plant hormones from various tissues means that this hormone is serving regulatory functions in the particular tissue. The same can be said for stereo-specific attachment sites that can bind these hormones. This concept may explain the lack of correlation between hormone concentration with particular processes of growth or development and indicates that the hormone pool being sampled does not necessarily play a regulatory role.
A further complication of the hormone concept is that a hormone produced at one site is directionally transported to exert its action at the target site, and that the compound produced may not be the same as the one acting at the target site, An individual hormone system may have numerous sites for control, and regulation may be accomplished by more than one step. Multiple hormonal control may be based on different types of interaction between hormones; regulation may be achieved by a balance or ratio between hormones, by opposing effects between hormones, by alterations o f the effective concentrations of one hormone by another, by alterations in the sensitivity to one hormone by another hormone, and by sequential actions of different hormones. Further complications arise from compartmentation; developing organs and tissues consist of different cell types, which means that several hormone control systems could be operating within a tissue or organ. In addition, subcellular compartmentation of hormones does exists. Thus, the complexity of hormonal regu lation of specific processes by several hormones has probably so far precluded substantial progress in our understanding of multiple regulatory controls. Hypotheses on hormone action have generally failed to present a comprehensive description of how they induce their many effects. Moreover, most studies are confined to the action of one but rarely more than two hormones.
One of the most striking features of the mutants examined to date is the similarity of phenotypes for similar mutants in widely divergent species (e.g. ABA, GA or PhyB deficiencies) which indicates similar control systems across different higher plant species. At the biochemical level, the site of action of mutants appears also similar, e.g. of the 20 well-defined mutants that block GA} synthesis, six block conversion of GA20 to GAb while eight appear to block the two steps between geranylgeranyl pyrophosphate and kaurene. The limited number of steps for which multiple mutants have been isolated may suggest that these are the key steps regulating the biosynthesis of the active hormone. Such steps and the genes controlling them deserve special attention.
So far, site-specific alterations in hormone levels are rarely analysed, but even crude analyses indicated (e.g. Swain & Reid 1992; Swain et a l 1993) that hormone synthesis genes may show marked tissue specificity. Work with mutants, however, was mainly concerned with one or a few effects of a single hormone, while each class of hormones is known to have pleiotropic effects.
The molecular-genetic approaches allow the isolation of genes whose products are, by definition, involved in a particular process. However, genetic analysis may not reveal all the components that participate in a given process, particularly those whose absence is lethal or whose function is partially redundant with that of some other gene product. It will also not allow identification of the gene products involved in the earliest stages of hormone-induced changes, since no plant hormone receptors have been purified as far as outlined earlier (Anderson et a l 1994; Binns 1994; Gilroy & Jones 1994; Jones 1994). We should also consider the possibility that hormone-regulated gene expression may be many steps removed from hormone action. Therefore, it remains important to continue the search for the early events in hormone action by studying the hormone directly. It is too early to tell which approach will be most fruitful in the elucidation of hormone action.
Hormone interaction
Two or more hormones which affect the same process may act independently or may interact in some fashion. The term interaction is commonly used in reference to any type of interplay of hormones with regard to their effect. Hormones may influence the same process in an additive fashion (independent interaction), or in a non-additive fashion (interdependent interaction), or in a synergistic promotive or synergistic inhibitory fashion, or such that one hormone promotes while the other inhibits the same process (opposite or antagonistic interaction). Much of our information on hormonal regulation has been derived from experiments in which hormones are applied to tissues or whole plants. There is much evidence that exogenous application of hormones affects the levels of endogenous hormones, which means that the interpretation of the observed effects should take into account the evidence that the uptake, metabolism, range of secondary effects and magnitude of direct eifects of the hormone action may be dependent on the presence of other hormones.
Finally, it has become clear that plant hormones not necessarily influence plant responses exclusively via changes in their concentration, but that hormonal regulation may also be exercised via changes in sensitivity of the target cells. Thus, interaction of two hormones may also mean that one hormone may change the sensitivity, and thereby the responsiveness, of tissue to another hormone bringing about the response.
Hoffman & Kende (1992) studied the role of ABA and GA in the regulation of growth in deepwater rice. Submergence induces rapid elongation of rice coleoptiles and of deepwater rice internodes. This adaptive feature helps rice to grow out of the water and to survive flooding. Earlier it was found that the growth response of submerged deepwater rice plants is mediated by ethylene and GA. Ethylene promotes growth, at least in part, by increasing the responsiveness of the internode tissue to GA. The results indicate that the growth rate of deepwater rice internodes is determined by the ratio of a growth promoter GA and a growth inhibitor ABA.
Similarly, in our laboratory it was shown for Rumex species growing in frequently flooded river sites that the shoot elongation response of flood tolerant Rumex species is crucial for maintaining or re-establishing air contact and, consequently, for survival of this species in river habitats, This elongation response was shown to be ethylenemediated. Submergence causes ethylene entrapment whereby the ethylene concentration rises by continued production, which leads to a sufficiently high endogenous ethylene concentration to saturate the petiole elongation response in the flood tolerant Rumex palustris. Rumex acetosa, a flood-sensitive species, also accumulate ethylene upon submergence, however, without an elongation response. This difference in behaviour between Rumex palustris and Rumex acetosa is attributed to the greater responsiveness of Rumex palustris towards ethylene. Recent experiments indicate that GA can enhance the ethylene-mediated elongation response in Rumex, whether this is also due to an increase to sensitivity to GA caused by ethylene, like in deepwater rice, remains to be investigated (Voesenek et a i 1993; Voesenek & Van der Veen 1994).
Souza & Kling (1991) isolated two non-allelic, monogenic recessive mutations, ausi and aus2, with auxin hypersensitivity in a Nicotiana plumbaginifolia mutant. At relatively low IAA or NAA concentrations, the elongation growth of mutant seedling hypocotyls is more inhibited than in the case of the wild type; at high auxin concentrations, mutant seedlings are killed. The mutant is also more sensitive to ethylene and the ethylene precursor 1-aminocyclopropane-l-carboxylic acid (ACC), but not to either 6-benzyladenine or abscisic acid.
Another aspect of hormone interaction is that it may occur at different levels in the sequential cascade of processes initiated by the hormone, which includes interaction at distance (spatial) or interaction in time (temporal).
Peeters et a l (1991) have studied the interactive and temporal effect of two hormones on flower bud formation of each hormone during in vitro culture. By studying the in vitro flower bud formation on thin cell layers on tobacco it was observed that the interaction between auxin and cytokinin concerns both the speed of flower bud initiation and the numbers of buds formed. Flower buds were formed at particular hormone concentration combinations, whereby increased auxin concentrations could compensate for low cytokinin concentrations with respect to early bud formation. The auxin and cytokinin effect on flower bud initiation could be clearly separated in time. It was shown that application of BA for a short period before IAA application leads to a higher number of buds formed compared to reverse application. Cytokinin determines in particular whether flower buds are formed, whereas auxin mainly determines the position of the bud on the explants. In contrast to the prevailing conceptions (Guern 1987) , it was found that the hormone effects are separate in time and thus each hormone exerts its action independently; also, their interaction with respect to flower bud formation takes place beyond the level of hormone uptake and metabolism in the cascade of sequential processes that they initiate. The molecular follow-up of this work led to the isolation of an extensin-like gene that is expressed specifically during flower bud initiation. This gene is probably not directly activated by one of the hormones, although the expression of the gene is stimulated by application of each hormone individually during the first 2 days, but is activated by compounds further in the cascade of events (Peeters et al. 1994) . In addition, many binding sites of hormones, which may possibly act as receptors, have been identified. For auxin, there are indications that perception may take place directly at the membrane by changing the activation of anion channels. There is also some evidence that hormones may interact directly with DNA and thus influence transcription.
With regard to hormone-regulated gene expression an increasing number of hormone-responsive genes are being identified and cloned. Their gene products are presumed to be involved in the physiological effects of hormones and therefore these genes serve as valuable molecular probes to elucidate the action of plant hormones. Recent studies indicate that the regulatory mechanisms of hormone-responsive genes is rather complex. Several hormone-responsive elements, i.e. for GA, ABA, auxin and ethylene, but not yet for cytokinin, have been characterized and were shown to be crucial for hormone regulation. The mechanisms involved in these regulatory genes are as yet unknown and can only be studied when in vitro transcription systems based on purified factors become available in the near future.
At present, a number of cis-acting elements which respond to several hormones have been described. However, these genes are not exclusively regulated by hormones and may be influenced by a variety of fra/zs-acting factors depending on the developmental pathway being regulated. This illustrates that also on the molecular level multiple hormone regulation is very complex.
The molecular studies lead to the identification and cloning of an increasing number of hormone-regulated genes. However, the lack of purified hormone recep tors precludes at present the identification of those gene products related to the early steps in hormone regulated processes. Although the molecular-genetic approach has been a major factor in the recent rapid progress in plant hormone research, molecular studies will not be able to answer all the questions regarding hormone regulation. Therefore, studies concerning direct hormonal effects remain indispensable in the search for the early events of hormone action. Also, the development of new concepts of hormone action like the one proposed by Bradford & Trewavas (1994) will be fruitful in exploring new approaches to elucidate the mechanisms of multiple hormonal control. 
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